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ABSTRACT: Organic−inorganic perovskite structured compounds have recently emerged as attractive materials in the fields
of photovoltaic due to their exciting optical properties and easy syntheses, as well as exceptional structural and optical tunability.
This work presents a Dion−Jacobson two-dimensional (2D) perovskite using diammonium as the barrier molecule. We show
that the diammonium barrier molecule is responsible for the perovskite layers’ orientation supported by Hall Effect
measurements, which results in a high efficiency solar cell for 2D perovskite without the need for additives or any additional
treatment. The 2D perovskite cells achieved an efficiency of 15.6%, which was one of the highest reported for low-dimensional
perovskite. Charge extraction, voltage decay, and charge collection efficiency measurements show the beneficial alignment of the
2D perovskites related to the selective contacts. Stability characterization shows that the stability for the 2D perovskite was
enhanced compared with their 3D counterparts.
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In 2009 Miyasaka et al.1 introduced organic−inorganic
perovskite as an absorber for solar cells, achieving a power

conversion efficiency (PCE) of 3.8%. Since then, perovskite
solar cells (PSCs) have attracted much attention owing to their
promising optical and electronic properties, low exciton
binding energy, long carrier diffusion length, and simple
fabrication methods.2−7 Today, PSCs are one of the most
promising PV technologies, approaching a PCE of 23.3%.8 The
most common perovskite used today as a light harvester in
solar cells is three-dimensional (3D) organic−inorganic
perovskite with the empirical formula AMX3, where A is a
monovalent organic cation, M is a divalent metallic cation, and
X is a monovalent anion. In this perovskite structure, the
inorganic part consists of a corner-sharing MX6 octahedral,
where the organic cation is localized inside the octahedral cage.
In order to form the 3D structure of the perovskite, the organic
cation should be small enough to enable adding another
corner-sharing MX6 octahedral.

The two-dimensional (2D) perovskite is a closely related
structure. Here the small organic cation is replaced by a large
organic cation, which does not fit into the octahedral cage. In
this case, the inorganic framework will be separated by a long
organic cation, where van der Waals interactions are present
between the organic molecules.9,10 The long organic
ammonium barrier forms a layer having a low dielectric
constant ∼2.4, whereas the metal halide layers possess a high
dielectric constant of more than 6. Thus, the 2D perovskite
structure can be referred to as a periodic array of quantum
wells.11,12 Regarding the quantum-well model, it is expected to
have 2D perovskite properties that differ from those of 3D
perovskite. The 2D perovskite exhibits a wide band gap, a high
exciton binding energy, and low carrier mobility (for
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unorganized perovskite layers), which makes it challenging to
function as a light harvester in the solar cell.13−17 When
combining both small and long organic cations, intermediate
states are formed, where stacks of organic−inorganic perov-
skite layers are periodically separated by long organic
molecules. This perovskite structure has the formula (R-
NH3)2An−1MnX3n+1, where R-NH3 is the long organic cation, n
is the number of confined inorganic layers between the long
organic cations, and A is the small organic cation that fits into
the octahedral cage.9,18−20 The formation of this layered
perovskite is determined by the stoichiometric ratio of the
precursors. Previous studies showed that for a single crystal
with n ≤ 4 the number of inorganic framework layers is in
good agreement with the n value, whereas at n = 5 only 90%
purity was found for specific perovskite structures.19

One of the interesting properties of 2D perovskite is its
resistivity to humidity.21−23 By combining both small and long
organic cations, one can achieve better stability with 2D
perovskite along with the excellent optical and physical
properties of 3D perovskite.
In 2014 Smith et al.21 conducted for the first time

experiments with quasi-2D perovskite ((R-NH3)2An−1MnX3n+1
where n > 2) as an active layer in PSC and achieved a PCE of
4.7%. The key to achieving a high PCE in quasi-2D perovskite-
based solar cells is to organize the layers on the substrate. The
inorganic framework on the substrate is organized when the
organic cations (barriers) are perpendicular to the substrate;
this enables efficient charge transport through the perovskite.
Recently, Tsai and co-workers24 reported on a hot casting
method for a planar PCS that improves the arrangement of the
quasi-2D perovskite on the surface. As a result, a PCE of 12.5%
was achieved for the perovskite (BA)2(MA)3Pb4I13 (BA =
butyl ammonium, MA = methylammonium). Sargent et al.23

demonstrated quasi-2D perovskite with high n values and
achieved a high PCE with enhanced stability; however, owing

to the high n values, a mixture of 3D perovskite with 2D
perovskite was formed.
In our previous work, we showed that when high n values are

used in quasi-2D perovskite, high efficiency, high voltage, and
enhanced stability of the cells can be achieved.25,26 Further
reports showed that 2D/3D perovskite was used as the active
layer in PSCs displaying efficiencies comparable to the 3D
PSCs but with improved stability.27−36

In this work, we present a diammonium cation as the barrier
molecule to achieve a Dion−Jacobson 2D perovskite, resulting
in highly efficient 2D perovskite solar cells achieved without
the need for additives or pretreatment. We performed full
characterizations on films and complete cells in order to study
the optical, physical, and electrochemical properties of these
cells. In addition, different stability measurements were
performed under illumination and humidity conditions.

Results and Discussion. In a two-dimensional perovskite
where the long organic cation has one ammonium functional
group, it can interact with the inorganic framework and the
other long organic cations by van der Waals interactions.
However, when using an organic cation with two ammonium
functional groups, i.e., diammonium cations, then the inorganic
framework is held together by one molecule, meaning by ionic
interactions.9,21,22,37,38 Since ionic bonds are stronger than van
der Waals interactions,39−42 it is expected that the layered
perovskite will be organized better. Organizing the perovskite’s
layers will enhance the charge transport through the 2D
perovskite film. Therefore, it can be expected that at low n
values one can observe high efficiency with a very stable solar
cell using the diammonium cation as the barrier molecule.
Recently a comparison was reported30 between quasi-2D

perovskite based on mono- and di- ammonium cations, i.e.,
butyl ammonium and butyl diammonium, as the “barrier”
molecules. It was found that perovskite based on a butyl
diammonium barrier exhibits better crystal orientation than the

Figure 1. (a) The XRD diffraction pattern for pure 2D perovskite (n = 1); the peaks at ∼5.7° and ∼7.9° are related to the zigzag structure of the
perovskite. (b) The PL and photos of 2D perovskite films at various n values. (c) Schematic illustration of Hall Effect measurement (left) and the
measured parameters by the Hall Effect of n = 10 BzDAI-based perovskite (right).
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butyl ammonium barrier; thus it generates better photovoltaic
(PV) performance. Despite the improvement in the PCE of the
solar cells with a diammonium barrier, the PCE of low-
dimensional perovskite (low n values) remains challenging. In
this work we developed PSCs using 2D perovskite with the
chemical formula (NH3-R-NH3)A11M12X37, using 1,4-benze-
nedimethanamonium iodide (BzDAI) as a barrier molecule
(the barrier molecule’s structure and a schematic illustration of
the perovskite layers using this barrier are shown in Figure S1
in the Supporting Information). We chose this barrier
molecule because of (i) the diammonium functional group,
which should provide a more organized structure; (ii) the
relatively short length of the molecule, which will decrease the
distance between the inorganic framework; (iii) the aromatic
ring, which should have free π-electrons; therefore, it can
enhance the charge transport.
The use of a diammonium cation as a barrier in 2D

perovskite has been characterized before.18,38,43−45 It was
shown that a zig- zag morphology is formed with ⟨001⟩ and
⟨110⟩ crystallographic planes. An X-ray diffraction (XRD)
pattern for (BzDA)Pb(I0.93Br0.07)4 (n = 1, BzDA- 1,4-
benzenedimethanamonium) can be observed in Figure 1a,
demonstrating the ⟨001⟩ and ⟨110⟩ crystallographic planes at
∼5.7° and ∼7.9°, respectively, indicating the formation of the
zigzag structure in 2D perovskite. The dominant peak at ∼5.7°
corresponds to d-spacing of ∼11.1A, whereas the low intensity
peak at ∼7.9° corresponds to d-spacing of ∼15.4A.
The dimensionality of the perovskite was first characterized

by absorbance and photoluminescence (PL). Figure S2 shows
the absorbance onset while the n value is increased. For n = 1
the absorbance onset is about 530 nm, and when it is increased
to n = 2, a typical excitonic peak is revealed, which indicates
the low dimensionality of the perovskite.11,12,22,25,26 Increasing

the n value results in a red shift of the absorbance onset until a
3D perovskite wavelength of 800 nm is reached. Similarly, the
PL is red-shifted while tuning the dimensionality of the
perovskite, as can be seen in Figure 1b. The PL spectra reveal a
slight red shift between n = 5 and n = 10, which cannot be
observed by the absorbance spectra. This shows that also when
n = 5 to n = 10 the perovskite’s dimensionality takes place. The
full wide half-maximum (fwhm) of the PL peaks as a function
of the n values, which is presented in Figure S2. With pure 2D
perovskite (n = 1), the fwhm is narrow, indicating a pure phase
where n = 1 in the perovskite film. Increasing the n value to n =
2 results in a more than 60 nm increase in the fwhm of the PL,
which suggests that already at n = 2 the n values are mixed
inside the film. However, interestingly, a further increase in the
n value results in a decrease in the fwhm, which shows the
effect of 1,4-benzenedimethanamonium iodide (BzDAI) as a
barrier molecule by creating more organized layers of
perovskite even at higher n values. (i.e., less distribution of
different n values inside the perovskite film).
As discussed earlier, the pure 2D perovskite (n = 1) could

not be used as an efficient light harvester in the solar cell.
Therefore, we increased the perovskite dimensions by adding
small organic cations. In this work mixed small cations were
used, namely, formamidinium (FA+), methylammonium
(MA+), and cesium (Cs+) at a ratio of 0.80:0.15:0.05,
respectively.
We found that the optimum composition with the largest

amount of barrier molecule in solution and that delivers the
b e s t P V p e r f o r m a n c e i s ( B z D A ) -
(Cs0.05MA0.15FA0.8)9Pb10(I0.93Br0.07)31, n = 10. To make it
simple, we will assign the small cations as “A”, i.e.,
(BzDA)A9Pb10(I0.93Br0.07)31. Lower n values of perovskites
result in a variety of inactive phases of FA+- and Cs+-based

Figure 2. (a) Schematic illustration of the perovskite solar cell configuration used in this work and the organization of the perovskite layers on the
substrate. (b) A J−V curve of the best efficiency 2D (n = 10) PSC. (c) Statistical data of PCE for 2D and 3D PSCs. (d) PL decay for perovskite
films (glass substrate), (e) charge extraction, and (f) voltage decay measurements for PSCs, pink for 2D (n = 10) perovskite and green for 3D
perovskite.
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perovskites. It was reported that the black photoactive phase of
FAPbI3 at a high purity even with the addition of small cations
such as Cs+ and MA+, is challenging to observe.46 We found
that for low n values (higher amounts of barrier molecule), as
well as for 3D perovskite, additional inactive photovoltaic
phases appeared, whereas in the case of n = 10 almost only
pure phases were observed. Figure S2a shows the XRD spectra
of additional phases that were formed when n = 5 and with 3D
perovskite and the pure phase when n = 10. Stabilization of
FAPbI3 and CsPbI3 by 2D perovskite have been reported;47−50

however, high PCE cannot be achieved when the concen-
tration of the barrier molecules is high. One way to achieve
both phase stabilization and high PCE is by using the
diammonium cation as the barrier molecule.
The (BzDA)A9Pb10 (I0.93Br0.07)31, n = 10, 2D perovskite was

used to prepare PV solar cells. A standard mesoporous
configuration of PSCs was used, as illustrated in Figure 2a. The
perovskite was deposited by a stoichiometric amount of the
precursors as described in more detail in the experimental
section. In order to confirm the ratio between the small and
the long organic cations in the already deposited perov-
skite film, analytic H NMR was used. The perovskite was
scratched from the substrate after deposition and taken for
analytic H NMR measurement. By integrating the peak of the
protons, the ratio between the small and the long organic
cations can be observed. Figure S3 shows the H NMR
spectrum, where the ratio between formamidinium and BzDA
is about 1:10 (e.g., n = 11); by considering the other additional
small cations in the perovskite, we can predict that the actual n
value of the perovskite is about 12. Although this measurement
shows us the ratio between the organic cations, it cannot
provide us with the specific organization of the 2D perovskite
layers.
The Hall Effect measurements were applied on the n = 10

2D perovskite in order to measure the hall mobility. In this
measurement the perovskite is deposited on a glass substrate
where four gold contacts are evaporated on the corners of the
substrate as can be seen in Figure 1c (the complete
experimental details are available in the Supporting Informa-
tion). In order to estimate the photocurrent behavior, the
samples were measured in the dark, and under illumination.
The dark measurements showed high resistivity in the range of
the instrument detection limit while during illumination (0.25
sun) the sheet resistance decreased in about 2 orders of
magnitude than in the dark 6.9 × 108 (Ω/sq). The perovskite
shows a p-type behavior with a carrier concentration of 3.00 ×
108 1/cm3 and Hall mobility of 0.75 cm2/V·s which is
comparable to different types of 3D perovskite with similar or
higher illumination intensities.51,52 This suggests that the 2D
perovskite based on the BzDA barrier provides a sufficient
organization of the perovskite’s layers.
An interesting observation is the deposition of 2D perovskite

versus 3D perovskite. With 2D perovskite, the deposition
appeared to be very smooth and repeatable, and a mirror-like
perovskite was formed and apparently the deposition was less
sensitive to the specific hand skills of the operator as opposed
to the case of standard 3D perovskite, which is well-known for
its repeatable problems.53 The top view scanning electron
microscope (SEM) images (Figure S4) show a smooth and
pinhole-free surface for 2D perovskite; this observation was
also supported by the atomic force microscope (AFM)
measurements (Figure S5), which show a root mean square
(RMS) of 26.7 nm for 2D perovskite and 30.7 nm for 3D

perovskite. The top view SEM image for n = 1 2D perovskite
shows a rod-shaped crystal. The cross-section SEM images
(Figure S4) of n = 1 shows nonoriented platelet crystals,
whereas 3D and 2D perovskites show dense and defined
crystals.
The best PV performance was achieved for 2D (n = 10)

PSC, which displayed a PCE of 15.6%, an open circuit voltage
(Voc) of 1.02 V, a short circuit current density (Jsc) of 21.5
mA/cm2, and a fill factor of (FF) 71%. The J−V curve of this
recorded cell can be seen in Figure 2b. Figure 2c presents the
statistical data of 97 fabricated cells for 2D and 3D PSCs,
where each solar cell has one pixel for measurement. It can be
seen that the average PCE of 2D PSCs approach the average
PCE of the 3D cells, and even some of the 2D PSCs exceed the
efficiencies produced by the 3D PSCs. Figure S6 presents the
statistical data for all the PV parameters (Voc, Jsc, and FF). The
2D PSCs produced relatively high PV parameters and the
average values are as follows: a Jsc of 20.0 mA/cm2, a Voc of
1.03 V, and a FF of 63%, which can support an organized
layered structure inside the 2D perovskite. Previous reports
indicated that high current density cannot be achieved in 2D
perovskite without arranging the orientation of the
layers.24,33,54 In this work, a high current density of more
than 20 mA/cm2 was achieved for low-dimensional perovskite
without any additives or special deposition methods. There-
fore, it can be concluded that the diammonium barrier (BzDA)
molecule is responsible for the orientation of the layers inside
the perovskite film. A schematic illustration of the layers’
orientation using the barrier molecules of BzDA, compared to
the case of the monoammonium functional group as the barrier
molecules, can be seen at the inset of Figure 2a and Figure S7.
The current as a function of time was measured (Figure S8) to
show the steady state of these cells. It takes more time for the
2D PSCs compared with the 3D PSCs to reach steady state.
When observing the J−V curves of 2D PSC before and after
approaching steady state conditions (Figure S9) and its specific
PV parameters (Table S1), it can be seen that the FF is the
most influential factor before and after achieving steady-state
conditions. In previous studies on MAPbI3 PSCs,55,56 it was
observed that when the cells were measured without any
pretreatment, a slight s-shape appeared in their I−V curves;
this s-shape diminishes over time during illumination and with
applied bias. This phenomenon can be related to the diffusion
of ionic species57−59 or the orientation of the organic
cations57,60,61 in the perovskite. Therefore, it is not surprising
that this effect is pronounced in the 2D perovskite, and it may
also suggest that the 2D perovskite has a slower diffusion of
ions.
The PL lifetime was measured for 2D and 3D perovskite

films, as can be seen in Figure 2d. The PL lifetime was longer
for 3D perovskite (τ2 = 157 μs) than for 2D (τ2 = 86 μs). The
longer lifetime for 3D perovskite is due to the confined layers
of the 2D perovskite and the barriers inside this structure that
inhabit the lifetime of the carriers.
Charge extraction measurements were performed to better

understand the electronic properties of this low-dimensional
perovskite solar cell. Charge extraction measurements were
previously used to characterize the recombination rate in the
dye-sensitized solar cell and PSCs.25,62,63 Briefly, the measure-
ment consists of a few steps: (1) the cell is disconnected and
illuminated for 2 s (white LED, ∼0.7 sun), (2) the cell stays in
the dark for a certain period of time (delay time), which
changes from measurement to measurement, (3) the cell is
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connected and the charges that are left are extracted from the
cell. During the time in the dark the charges have time to move
inside the cell or to recombine. At any given time, if more
charges are left to extract, this indicates that fewer charges have
been recombined during the delay time. This measurement is
mainly related to the recombination rate and the traps at the
perovskite and at the interface between the absorbing materials
and the selective contacts. Although the PL decay for 2D
perovskite film was shorter than for the 3D, the charge
extraction for 2D PSCs is longer than for 3D (Figure 2e). This
suggests a lower recombination rate at selective contacts for
2D PSCs, meaning a better alignment of the electronic
properties between the 2D perovskite and the selective
contacts.
In order to further elucidate the recombination behavior in

these cells, voltage decay measurements were performed. In
voltage decay measurements, the cell is illuminated with white
LED (∼0.7 sun) for 2 s, allowing the potential to build up. In
the next step, the cell is left in the dark and the decay time of
the potential is recorded. Figure 2f shows the decay of the
potential in the dark for 2D and 3D PSCs. Two main points
can be concluded from this measurement: (1) 2D and 3D PSC
have different decay times and (2) there is a buildup of
electrostatic potential for 2D PSC. As can be seen, the
potential decay for 2D PSC is slower than for 3D PSC (this
can be seen clearer in Figure S10), which suggests a faster
recombination rate for 3D than for 2D.
In addition, it can be observed that some potential is left

after a long time in the dark for 2D PSC (Figure 2f). This can
be attributed to the buildup of electrostatic potential, which is
equal to ∼250 mV, whereas with 3D PSC the buildup
electrostatic potential drops to zero. A previous study64

conducted on MAPbI3 PSCs analyzed the behavior of voltage
decay in PSCs under different conditions. This study attributed

the formation of electrostatic potential to an accumulated
region inside the perovskite layer (caused by ion migration),
which results in inner electrostatic potential. The additional
electrostatic potential adds to the standard buildup in
potential, increasing the overall voltage of the cell.
Furthermore, this inner potential supports the longer
separation of charges in the perovskite layer. Both charge
extraction and voltage decay support the observation of a lower
recombination rate near the selective contacts, suggesting that
a better alignment exists between the 2D perovskite and the
selective contacts.
Intensity-modulated photocurrent and photovoltage spec-

troscopies (IMPS/IMVS) were used to electrochemically
characterize the cells. The time constants for the electron
recombination lifetime (τr) and the electron transport (τt)
lifetimes were obtained from the inverse of the minimum
angular frequency (ωmin) in the IMPS and IMVS spectra.
Figure S11 shows the representative IMVS and IMPS spectra
for 2D and 3D PCS, from which the minimum frequency was
extracted.
The electron recombination lifetime τr was found to be

longer for 2D PSC than for 3D PSC (Figure 3a), which is in
good agreement with the CE and voltage decay, which showed
a reduced recombination rate at the contacts. Figure 3b
presents the electron transport lifetime, and as expected, the
electron transport lifetime decreases with the light intensity.
When comparing the electron transport lifetimes of 2D and 3D
PSC, the 2D perovskite exhibited a longer electron transport
lifetime than did the 3D perovskite. The longer electron
transport lifetime could be related to the barrier molecules
present in the 2D perovskite structure.
Importantly, as long as the transport lifetime is longer than

the recombination lifetime, the solar cell can generate current
and voltage. This is defined as the charge collection efficiency,

Figure 3. (a) Electron recombination lifetime (extracted from IMVS measurements. (b) The transport lifetime (extracted from IMPS
measurements, (c) charge collection efficiency, and (d) diffusion length as a function of light intensities for 2D PSC and 3D PSC in pink and green,
respectively.
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as can be seen in Figure 3c. The charge collection efficiency is
calculated using ηcc = 1 − τt/τr. The 2D PSC achieves a charge
collection efficiency of 0.8−0.9 for the whole range of light
intensities better than does the 3D PSC, which approaches a
charge collection efficiency of 0.7. The high charge collection
efficiency with 2D PSC indicates that 2D perovskite has a
beneficial alignment with the selective contacts. This was
further supported by charge extraction and voltage decay
measurements as described above. The higher charge
collection efficiency and the longer recombination lifetime of
2D perovskite in comparison with 3D perovskite shows a
potential of 2D PSCs to gain higher efficiencies than do the 3D

PSCs in the future owing to better alignment of the 2D
perovskite properties to the selective contacts.
The electron diffusion length can be calculated using the

IMVS and IMPS data according to the equation,65−68

L Dd rτ= , where D is the diffusion coefficient calculated
from τt and represents the thickness of the absorber layer.
Figure 3d presents the diffusion length as a function of the
light intensity. The 2D PSCs display a diffusion length in the
range of ∼800−1100 nm, whereas the 3D PSCs display a
diffusion length of ∼800 nm. The long diffusion length
observed with 2D PSC could be related to the diammonium

Figure 4. (a) Normalized photovoltage results from TPV measurements, (b) the average normalized charge extraction efficiencies calculated with
ΔV/ΔV (0 mV), where ΔV is the peak of the TPC decay curves at different bias voltages for 2D PSC and 3D PSC, shown in pink and green,
respectively.

Figure 5. (a) Stability measurements: Continuous 1 sun illumination for 22 min followed by 5 min in the dark; the whole stability measurement
took 100 min. Vmax was applied on the cell in the dark. (b) Stability measurements under ambient air (up to 50% relative humidity) for
nonencapsulate PSCs, and (c) the corresponding PV parameters of the cell presented in b. Pink represents 2D PSC and green represents 3D PSC.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b00387
Nano Lett. 2019, 19, 2588−2597

2593

http://dx.doi.org/10.1021/acs.nanolett.9b00387


barrier molecule that prolonged the electron recombination
lifetime and the diffusion coefficient due to the accumulation
of carriers at the benzene ring.69

To further evaluate the difference in charge recombination
dynamics between 3D and 2D PSCs, transient photovoltage
(TPV) measurements were employed.70,71 Figure 4a presents
the TPV results of the 3D and n = 10 samples under zero bias
voltage. The curves were fitted by a single-exponential decay
function. The recombination lifetime for 3D perovskite is
shorter than that of 2D perovskite (n = 10). A long lifetime
indicates less charge recombination and trap density,72 which
agrees well with the IMVS results. In addition to the charge
recombination property, charge extraction dynamics is also
studied by the modulated transient photocurrent (M-TPC)
method.71 Figure S12 shows the M-TPC results of a 3D PSC
and a 2D PSC under bias voltages ranging from 0 to 800 mV.
The charge extraction efficiencies were calculated when

comparing the peak photocurrent at different bias voltages for
the 3D and the 2D (n = 10) cells, as presented in Figure 4b.
When a bias voltage is applied on PSC, the charge extraction is
less efficient due to the decrease in the built-in electric field
and the increase in both bulk and interfacial recombination in
the perovskite layer. Under applied bias voltages, the n = 10
PSC displays much better charge extraction efficiency than that
of the 3D PSCs, indicating its superior operational stability
continuously measured at applied biases.72 These results are
consistent with the charge extraction, as well as the IMVS and
IMPS measurements, which indicate that 2D perovskite has
very good electronic and energy level alignment.
The stability of the cells was studied using two independent

measurements. Figure 5a shows the PV parameters of the cells
(2D and 3D PSCs) under continuous 1 sun illumination for 25
min, followed by 5 min in the dark where the cells were held at
Vmax. This measurement lasted for over 100 min. It can be
observed that the 2D PSC can recover better than the 3D PSC
after being in the dark for 5 min each time. The 3D PSC
recovered just after the first 5 min cycle in the dark; thereafter,
the efficiency dropped continuously. However, 2D PSC is
completely the opposite, where a recovery can be seen after
each cycle in the dark. After the third cycle in the dark (i.e., 80
min), the 2D PSC exhibited about 97% of its initial efficiency,
whereas the 3D PSC dropped to 75% of its initial efficiency.
The current density and the open circuit voltage remain almost
constant for 2D PSC, whereas for 3D PSC these parameters
are reduced by around 10%. The FF is reduced in both cells by
about 15% from their initial FF; also in this case the 2D PSC
recovers after each cycle in the dark. To sum up, the 2D PSC
exhibits much better stability and recovery properties than
does the 3D PSC, which can be explained by its barrier
molecule, which enhances its stability. This is further
supported by the additional stability measurements under
ambient air for nonencapsulated cells (Figure 5b,c). Here, the
solar cells were kept in the dark in ambient air with 20%−50%
humidity for 160 h (around a week). Figure 5b,c presents the
normalized PV parameters over a week. The 2D PSC exhibits
better stability also in this case, as expected, owing to its long
organic barrier in the perovskite structure. The efficiency of 2D
PSC dropped to 80% of its initial efficiency after 84 h, whereas
the 3D PSC dropped to this efficiency already after 12 h.
Another interesting observation is that after 2 days, the 3D
PSC stopped working, whereas the 2D PSC still displayed 60%
of its initial efficiency. The other PV parameters can be seen in
Figure 5c, where the reduction in the Jsc value is responsible for

the drop in the efficiency. Interestingly, in the case of the
stability under illumination, the reduction in the FF was
responsible for the drop in the efficiency, which suggests that
different degradation processes exist under humidity and under
illumination. In conclusion, the 2D PSCs exhibit enhanced
stability under illumination and under humidity better than the
3D PSCs do.

Methods. Material Synthesis. 1,4-Benzenedimethanamo-
nium iodide was synthesized by dissolving 5 g of p-
xylylenediamine (99% Sigma) in 20 mL of ethanol absolute
and reacting it slowly while stirring with 20 mL of hydroiodic
acid (57 wt % in water, Sigma); the reaction was performed in
an ice bath. After the addition of acid, the precipitate was left
for 20 min. The precipitate was then washed repeatedly three
times with diethyl ether and recrystallized twice with ethanol
absolute.

Preparation of Perovskite Solutions. The perovskite
solutions were prepared in a nitrogen-filled glovebox H2O <
0.1 ppm and O2 < 5.0 ppm.
All organic precursors were purchased from GreatCell solar

and all of the inorganic precursors were purchased from Sigma-
Aldrich. A mixture of cation and halide 3D perovskite solution
was prepared by dissolving 1.5 mM MABr, FAI, PbI2, and
PbBr2 in a mixture of 1 mL of dimethylformamide: dimethyl
sulfoxide (DMF/DMSO) (820:180) with a 1.5 mM
concentration. A CsI solution (1.5 mM) was prepared
separately by dissolving CsI2 in DMSO. Next, 50 μL of the
CsI solution were added to the perovskite solution to form a
1:3:16 ratio between Cs:MA:FA, and a 9:1 ratio between PbI2
and PbBr2. (BzDA)A9Pb10, n = 10 2D perovskite solutions
were prepared by dissolving stoichiometric amounts of the
precursors in 1 mL of a DMF:DMSO mixture (820:190)
solution; the 50 μL CsI solution was added to the solution,
where the correct ratio between the small cations and the 2D
barrier were maintained. The perovskite solutions were
prepared 4−5 h before the perovskite deposition.

Device Fabrication. SnO2/F(FTO) conductive glass (10 O
cm1, Pilkington) was etched by reacting zinc powder with
concentrated HCl (37% Sigma) on top of the glass, and
cleaned thoroughly in sonication bath. After 10 min of argon
plasma treatment (60% power, diener), compact TiO2 (TiDIP,
75% in isopropanol Aldrich diluted 1:5 in isopropanol) was
deposited on the substrate by spin coating (5000 rpm 30 min),
followed by deposition of m-TiO2 nanoparticles (30NRD,
dyesol) (1:5 w/w% in ethanol absolute) spin-coated at 5000
rpm, 30 s. TiO2 substrate was treated with Li-TFSI as
described elsewhere.73 Briefly, 1 M of Li-TFSI in acetonitrile
was spin coated on a TiO2 layer at 3000 rpm for 30 s; then the
substrate was annealed to 450 °C for 30 min. The substrate
was removed from the hot plate at 150 °C directly to a
nitrogen filled glovebox (H2O < 0.1 ppm and O2 < 5.0 ppm) in
the size of 110 × 80 × 60 cm3 where the perovskite deposition
was performed. For the perovskite deposition, 50 μL of
perovskite solution was dropped onto the substrate, followed
by a spin-coated process having a 5 s delay time, 10 s spin at
1000 rpm, and 45 s spin at 5000 rpm Fifteen seconds before
the spin process ended, 100 μL of chlorobenzene (CB) were
added dropwise onto the substrate. The films were annealed at
100 °C for 30−40 min. Next, a HTM layer was deposited by
50 μL of 2,2′,7,7′-tetrakis(N,N-di-4-methoxyphenylamino)-
9,9′-spirofluorine (spiro-OMeTAD) in CB (720 mg in 1
mL) containing additives of 17.5 μL of bis(trifl uoromethane)-
sulfonimide lithium salt in acetonitrile (520 mg/mL), and 28.8
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μL of 4-tert-butilpyridine (Sigma) was spin coated at 4000 rpm
for 30 s. Finally, a 70 nm thick gold electrode was thermally
evaporated on the film under a vacuum of ∼10−7 Torr. In each
set, 12 cells have been fabricated where each cell has single
pixel available for measurement.
Absorbance Measurements. Absorbance measurements

were performed using a Jasco V-670 spectrophotometer.
Photoluminescence (PL) and Time-Resolved PL Measure-

ments. Steady-state and time-resolved photoluminescence
were measured by the PL spectrometer (Edinburgh Instru-
ments, FLS 900) using a pulsed diode laser (EPL-640, ∼20 nJ·
cm−2/pulse) as the excitation source.
X-ray Diffraction (XRD). X-ray diffraction measurements

were performed on a D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) with a secondary graphite monochroma-
tor, 2° Soller slits, and a 0.2 mm receiving slit. XRD patterns
ranging from 2° to 75° 2q were recorded at room temperature
using CuKa radiation (l = 1.5418 Å) with the following
measurement conditions: a tube voltage of 40 kV, a tube
current of 40 mA, a step-scan mode with a step size of 0.02°
2θ, and a counting time of 1 s/step.
Extra High-Resolution Scanning Electron Microscopy

(XHRSEM). Magellan XHR SEM was performed using a FEI
(field emission instruments), The Netherlands. The measure-
ment conditions were 5 kV
Atomic Force Microscopy (AFM). Scanning probe micro-

scope measurements were made by using Dimension 3100
Nanoscope V in tapping mode.
Charge Extraction, Voltage Decay, and IMVS/IMPS

Measurements. Charge extraction and voltage decay measure-
ments were carried out using an Autolab Potentiostat-
Galvenostat (PGSTAT) with a FRA32 M LED driver
equipped with a white light source. The cells were illuminated
from the substrate side. Nova 1.11 software program was used
to collect and analyze the data obtained.
Transient Photovoltage/Transient Photocurrent (TPV/

TPC). M-TPC/M-TPV measurements, nonequilibrium carriers
in the cell, were excited by a 550 nm (Opotek, Radiant 355
LD) pulse laser. A digital oscilloscope (Tektronix,
DPO7354C) was used to record the photocurrent or
photovoltage decay process with a sampling resistor of 50 Ω
or 1 MΩ, respectively. A digital signal generator (Tektronix,
AFG 3052C) was used to provide an external modulation to
the cell, which is connected in parallel to the signal acquisition
circuit. A low-pass filter (LPF) with an inductor (for example,
50 H) and a capacitor (for example, 10 μF) was applied to
separate the transient electrical signal from the voltage source
to avoid shunting the output.
Hall Effect. Hall Effect measurements were performed using

Lake Shore ac/dc Hall Effect system 8404 model. A magnetic
field of 1.7 T, and a current of 80 nA were used in the
measurement. The samples were illuminated by 0.25 sun of
white LED source. Each measurement was conducted 10
times, the average results and the standard deviations were
used to the calculation of the final values. It should be
mentioned that this measurement is challenging in the case of
high resistive materials such as organic semiconductors.
Therefore, in this measurement we used an additional high
resistivity feature in order to achieve reliable results.
Photovoltaic Characterization. Photovoltaic measurements

were using a New Port system, composed of an Oriel I−V test
station using an Oriel Sol3A simulator. The solar simulator is
class AAA for spectral performance, uniformity of irradiance,

and temporal stability. The solar simulator is equipped with a
450 W xenon lamp. The output power is adjusted to match
AM1.5 global sunlight (100 mW cm2). The spectral matched
classic cations are IEC60904-9 2007, JIC C 8912, and ASTM
E927-05. The I−V curves were obtained by applying an
external bias to the cell and measuring the generated
photocurrent with a Keithley model 2400 digital source meter.

Conclusions. In this work, we demonstrated high efficiency
in 2D perovskite solar cells without any additives or additional
treatment to the perovskite. A diammonium cation was used as
the barrier molecule in the 2D perovskite, which formed a
Dion−Jacobson perovskite structure. The 2D perovskite cells
achieved a PCE of 15.6%, an open circuit voltage of 1.02 V, a
short circuit current density of 21.5 mA/cm2, and a fill factor of
(FF) 71%, which is one of the highest reported for low-
dimensional perovskite. Charge extraction and voltage decay
measurements show that the 2D perovskite is better aligned to
the selective contacts than the 3D perovskite. This was further
supported by the high charge collection efficiency of these cells
in the range of 0.8−0.9 for a variety of light intensities.
Moreover, the diffusion length of the 2D perovskite was
calculated by the IMVS and IMPS techniques, displaying
∼800−1100 nm. Finally, the stability of these cells was studied
and compared to 3D perovskite cells. It can be concluded that
the 2D perovskite-based solar cells are much more stable than
their 3D counterparts. This work demonstrates the ability to
achieve high efficiency in low-dimensional perovskite solar cells
without the need for any additive or additional treatment by
choosing the appropriate barrier organic cation.
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